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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-425

TRIM DRAG AT SUPERSONIC SPEEDS OF VARIOUS
DELTA-PLANFORM CONFIGURATIONS*

By M. E. Graham and B. M. Ryan

SUMMARY

The drag due to lift and the maximum lift-to-drag ratio at super-
sonic speeds of zero-thickness, trimmed, statically stable (1) delta-
ving-plus-tail, (2) delta-wing-plue-canard, and (3) delta-wing-alone con-
figurations are studied with the aid of linear theory. These config-
urations do not include a body.

In general it ig found that the drag due to 1ift decreases and
the maximum 1lift-to-drag ratio increases as the aspect ratio increases,
the vertical gap increases, the "tall lenatbuincresses and the static
margin decreases; also suitable camber and twist decrease the drag.
However, calculations for wing-with-flap configurations indicate that
if full leading-edge thrust exists there is a range of aspect ratio
in vwhich decreasing the aspect ratio decreases the drag due to 1lift.
Also if leading-edge thrust exists, or if the surfaces are twisted and
cambered there can sometimes be less drag due to 1lift at a small posi-
tive static margin than at zero static margin. The optimum trim-surface
area (trim area to give highest ((/0), ., ) depends in general upon
the static margin, the tail length, and the net interference between the
surfaces (which may itself depend upon the trim-surface area.) A limited
investigation of flat sonic-edge wings and trim surfaces indicates that
if there is no net interference large trim surfaces are desirable, if

there i8 much interference small trim surfaces are desirable at least

* Orginally prepared as Report SM-23635, Douglas Aircraft Company,
Inc., and reprinted in original form by NASA, by agreement with
Douglas Aircraft Company, Inc., to increase availability.



if the static margin is not too large. For example, large flaps are
desirable, large tails or canards if the gap is large, small tails
and canards if the gap is small and the static margin not too large.

There is little difference bvetween wing-canard and wing-tail con-
figurations at cruise conditions if the gap is not too small. If the
gap is small, the lift-drag ratio of the wing-canard configuration
becomes poorer than that of the corresponding wing-tail configuration
unless the wing of the canard configuration is suitably twisted. At
moderate static margins there i{s little difference between trimmed
flat wing-flap configurations and flat wing-plus-tail or wing-plus-
canard configurations with not too small gaps. At large static margins
the lift-drag ratio of the wing-flap configuration is poor compared to
the wing-tail or wing-canard configurations of not too small gap unless
the wing is suitably cambered and twisted.

From this investigation it appears that the choice of a type of
trim surface (tail, canard or flap) will depend primarily upon con-
siderations other than supersonic cruise performance. The major in-
fluence upon the cruise lift-drag ratio will then be these other con-
giderations rather than the direct optimiration of the configuration
to give the highest (L/QD tAX for the supersonic condition.




I. INTRODUCTION

The purpose of this report is to present supersonic trim-drag* cal-
culations in such a form that wing-plus-tail, wing-plus-canard and wing-
alone configurations may be easily compared, and in such a form that the
static margin is immediately available. First, general equations for
the 1ift coefficient, moment coefficient, and drag coefficient due to
1ift are presented. Then Cot/gcf for flat trimmed configurations is
expressed as a function of the first and second powers of (aCM/J C‘)J'
(aC\ /JS)CL, the static longitudinal stability derivative (negative
static margin) divided by a derivative similar to the "elevator power."
Here the "elevator" or trim surface 1s an all-movable tall or canard or
a full-span flap at the wing trailing edge. The coefficients in this
drag equation depend upon the lift-curve slope of the wing alone, the
1lift-curve slope of the tall or canard or flap alone, and also upon cer-
tain average values of a(e/a(o( in cases where there is wing-tail (or
wing-canard) interference. In this form the equation applies to quite
general planform shapes. However, the lift-curve slopes, trim surface
effectiveness, and the average values of CZG/O(OL can be evaluated only
if a specific configuration geometry has been picked. For the calcula-
tions, delta wings and tails or canards, and trapezoidal constant chord
flaps have been assumed, and a(e/o[.ot has been evaluated at the Trefftz

plane.

The trim drag of certain cambered and twisted configurations has
als0 been found; specifically, configurations put together from the op-
timally twisted and cambered sonic-delta wings of Germain; and also a
configuration consisting of a sonic-delta wing with twisted tip panels
plus a canard. CD‘: /8C;_2 again depends on first and second powers
of (a CM /JC‘L) 5 but the equations have not always been expressed
explicitly in this form.

The basic equations depend upon linear theory. The induced loads
on the rear surface are calculated essentially by the methods and from
equations of Ref. 1. The results of this report differ from those of
Ref. 1 and 2 in that here (a) the static margin has been introduced,

* As used in this report, the term "trim drag’ means the drag due to
1ift of a configuration which is in trim. It does not mean an in-
crement of drag which is to be added to an untrimmed configuration
when it is brought into trim.



(b) the "gap| vertical distance between rear surface and vortex sheet,
has been taken as an independent parameter rather than as a function
of @ in computing any derivatives with respect to a, (c) certain twist-
ed and/or cambered configurations have been studied, (d) leading-edge
suction has been included in some configurations with subsonic leading-
edges, and (e) CD,; /ﬁCLa has been computed for a greater range of
aspect ratio and gap ratio.

Wing-plus-tail and wing-plus-canard configurations have been com-
pared solely on the basis of supersonic trim drag and zero-thickness
maximum 1ift-to-drag ratios. No attempt has been made to evaluate
their relative merits teking into account other matters, such as sub-
sonic performance and stability and landing and take-off.

NN M~
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II. NOTATION

aspect ratio
maximum span of the tail
maximum span of the wing

length of mean aerodynamic chord of the wing (2/3 c¢ far
delta wing)

root chord of the wing
chord of trailing-edge flap (constant across span)

coefficient of induced drag (drag due to 1lift) of the
total configuration

coefficient of induced drag due to twist and camber only

coefficients of induced drag due to twist and camber
only on the wing or trim surfaces respectively

coefficients of induced drag and 1ift of the trim surface
based on trim-surface planform area

coefficients of induced drag and 1ift of the wing based
on ving planform area

1ift coefficient of total configuration

JCL/aoL 1ift-curve slope of total configuration due to
a deflection

lift-curve slope of trim surface in the free stream
based on trim-surface area

lift-curve slope of wing in the free stream based on
wing area

o€, / 38 1ift-curve slope of total configuration due
to 5 deflection

11ift coefficient due to any twist and camber of the
surfaces

1irt coefficients due to twist and camber only of the
wing or trim surfaces respectively

moment coefficient of total configuration about center
of gravity, positive for pitch-up
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L, L, L

a’ —& 7250
(L/O)nmx
”

”m. & C.

downwash angle per unit of deflection of the forward
surface

distance from leading edge of flap to center of pres-
sure due to o deflection (whenm=2 1, the center of
pressure due to 5 deflection 1is the centroid of area
of the flap)

vertical gap between the rear surface and the vortex
sheet shed from the forward surface measured in units
of wing span

average value of d@y@l¢ induced by trim surface on
ving

average value of oﬁyﬁi@Linduced by wing on trim sur-
face

distance from centroid of wing area to centroid of
trim surface ("tail length")

local 1ift at (x,y) produced by a, 5, twist plus
camber, respectively

total 1ift produced by a, &, twist plus camber, re-
spectively

maximum lift-to-drag ratio
/8ta.n W (for delta planforms, tanw= R/4)
wean aerodynamic chord

non-dimensional distance from the center of pressure
of Germain's twisted-cambered wing to the centroid
of the wing area

dynamic pressure
—3Cm [3C,
-4 (JCM/a S)c‘_

ratio of erea of two twisted wing tip panels to area
of wing

area of two twisted wing tip panels
ratio of trim-surface area to wing area
trim-surface area

ving area (see note at end of notation)
free stream velocity

streauvise and spanwise rectangular coordinates

AN Ay B
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T
X Xgr X, distance from C.G. of configuration to "center" of
> g 10 load distributions respectively
Zor distance from C.G. to center of load due to twist end
camber of the trim surface
Zow distance from C.G. to center of loed due to twist and
camber of the wing
., center of direct load on trim surface measured from the

centroid of the trim surface

Lrow center of load induced by trim surface on the wing
measured from the centroid of the wing

center of load induced by the wing on trim surface

wer neasured from the centroid of the trim surface
o« angle of attack of wing with respect to free stream
= =/8¢,
o, additional angle of attack distribution corresponding

to any local twist and camber
! o
o c(°//5"L
VME- where M = Mach number

R

p-1
’Y angle of attack of trim surface with respect to wing
5 s/8c.
w angle between free-stream direction and leading edge of
wing, tail or canard
9Cnm or (3€,/3C.) g Stick-fixed static longitudinal stabil-
2C, ity derivative
<3—C"- mowent coefficient per unit deflection of the trim sur-
28 . face at constant Cp ("pover" of trim surface)

lift and drag coefficients and derivatives are based on wing area
except as otherwise noted. For wing-flap configurations the wing area
can be defined to include the flap area (wing-vith-flap configuration)
or alternatively to exclude the flap area (wing-plus-flap configuration).
In general, the former definition of wing area is used. Any exceptions
are noted. Moment coefficients and derivatives are based on wing area
and wing m.a.c. Angles are measured in radians. Distances b, ,b,,C,
T, and C, are actual dimensions. The gap G is measured in units of
ving span ( b,). All other distances are measured in units of wing

m.a.c, (C). Subscrip*s W and T refer to the ving and trim surfaces,
respectively.



III. ARALYSIS

A. Coanfigurations

The configurations studied in this report consist of a delta plan-
form wing at an angle of attack @ with respect to the free stream plus
a trimming surface at an angle & with respect to the wing:

(1) Wing plus tail, both of delta planform. ("Tail" will be used
to denote separate trim surface aft of wing.)

(a) Flat wing plus flat tail.

(b) Wing with twist and camber distribution such that the
drag would be a minimum for a specified 1lift if the wing
vere alone in the free stream. Tail with same distribu-
tion of twist and camber but different magnitude.

(2) wi lus capnard, both of delta planform. ("Canard” will be
used to denote separate trim surface forvard of the wing.)
(a) Flat wing plus flat canard.
(b} Same as Config. 1l-b except that it is a wing-plus-canard
configuration.
(c) Flat wing vith tvisted tip panels plus flat canard.

(3) vWing alone
(a) Flat wing with full-span flap of constant chord at wing

trailing edge. ("Flap" will be used to denote trim sur-
face which 1is a part of the wing. The wing area includes
the flap area unless othervise noted.)

(b) Wing with twist and camber such that the drag 1s minimum
for a specified 1ift and specified moment. No special
trimming surface.

The configurations are illustrated in Fig. 1. Detalled calcula-
tions are made for Configs. l-a, 2-a, 2-c, 3-a. The drag calculations
for 1-b, 2-b and 3-b may be looked upon as lower bounds for the drag of
wing-plus-tail (or wing-plus-canard) configurations and wing-with-flap
configurations. They are unrealistic in the sense that the twist and
camber, for the purpose of these calculations, are changed continuously
as a function of the Mach number, lift coefficient and C.G. position.

VN &
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Furthermore in l1-b and 2-b wing-tail (or wing-canard) interference
is assumed negligible.

B. Basic Equations

Lift coefficient: Within linearized theory, the 1lift coefficient
of the configuration wing plus trim surface 1s

CL= CLaLO( + C‘{ 3+ CLO

C, ,C, end C , _8re defined as follows:
o 5 °
C =28C -+ Jjjea("ﬁ)d”‘%
laa dx o Sw

wing plus
trim surface

C =2 - ([ LGeypdxdy
§ ag Sw‘,“ ohus ?. w
trim durface

CLO _ ‘{S jo (x,9) dxdy

win 'S w
trim surface

where [ ' ) j; and f , 8re the local lifts produced directly and in-
directly by the angle of attack o, the trim deflection d and the

twist plus camber respectively. The superposition procedures used
to ovtatn £,/ 5 80d £, are descrived 1n Appendix . Cy , C gond

»
C t, depend only upon the geometry of the configuration and upon

the Mach number. Note that they, and hence (, , are based upon the
ving area S .

The 1ift derivatives of the various configurations are given by:

CLO‘=(C1‘)W +5, (CL.L)r (- )@wo,.) wing plus tail
CL°‘= (Ctu)w (I"ﬂ’row) + S, (CL“)_’_ ving plus canard
CL“ = (CL ,()w wing alone (with

or without flap)

(1)

(2)

(3)

()

(5a)

(5v)

(5¢)
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and

(= Sy (Cla.)r ving plus tail (6a)

CL{ (Cia)w (_'érow) + S, (C’--'-)‘r wing plus canerd (6b)

CL: = S, <C‘--‘)T wing with flap (6¢c)
(CL‘)W is the 1lift curve slope which the wing would have if it were

alone in the free stream. Similarly (CL‘ )Tis the 1ift curve slope

which the trium surface (tail, canard or flap) would have if 1t were

alone in the free stream. (CL o ) , 18 based on the area of the trim
surface and S, 1s the ratio of that area to the wing area. (For the
ving with flap, the ving area includes the flap area.) -4 wor 15 @1
average value of the downwash angle induced on the tail by a unit de-
flection of the wing. Similarly /é row 15 @n average value of the down-
wash angle induced on the wing by & unit deflection of the canard. Val-
ves of the 1lift curve slopes and of lw‘,, and jrow‘“ given in Appen-
dices A and B for delta-planform configurations. (Certain assumptions

sbout the dowmvash field underlie the calculations of & ., ana #,,..)

Mowent coefficient: The moment coefficient of the wing-plus-trim-
surface configuration 1s

Cu=-2,C =« -2, C§ - 2,C, (7
C m will be based on the wing area and on the mean aserodynamic chord,

¢, of the wing. (For the delta wing the m.a.c. is 2/3 the maximum chord.)

X, , X;, and X, are the distances (Fig. 1) from the C.G. of the config-
uration to the "center" of thel; R /[, and jo load distributions respect-
ively. These lengths are measured in units of the m.a.c. They depend

only upon the C.G. position, the geometry of the configuration, and the

Mach number. The difference between any two of them depends only upon

the geometry and Mach number. ZS - la and X — % _ are evaluated in Ap-
pendix A.

g
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Stability parameter: The stick fixed static longitudinal stability

derivative, or static wargin, is

9Cy - (3Cu /s
2C, (QCL/a,()s

L

the partial differentiations carried out with & held constant.
2 Cy / 2C, = 0, the configuration is neutrally stable and the
For 9C(,, /JC, <O,

C.G. 15 at the "center" of the./ load distribution.
the configuration is stable.

Drag due to 1lift: The coefficient of induced drag due to 1ift

{based on the wing area) is

\umq pPius trim
trim Surtace surfdce

+ ‘S do([“-f [-fjo) o(l J:I

). S,
tuisted ond
cambered surfaces

where o/, =, (z,y) is the additional angle of attack distribution
corresponding to any local twist and camber. With the aid of Egs.

through 6, Eq. 9 becomes

CI:,I~ [C o(+C J--rC ]4- jisr (C‘a_>r$ “X I;-rj o(thJ]

trim
surface

o] =l sy o o,

twisted (nd
cambered suréqces

(-]

where C,_1s the drag coefficient due to camber plus twist, i.e.,
the drag coefficient due to the load distribution when a and & are

zero. Note that the first bracket is simply CL'

c =d§§l_t£*_oo( stn,a fﬂ dx dy

(8)

(9)

(10)
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It is convenient to introduce the notation & = x/&C, , £ = d/.8c,
&=, /8C,. Then Eq. 10, with the aid of Eqs. 5 and 6, can be re-
arranged as follows: For the wing plus tail (or wing plus canard),
Config. 1l or 2,

/%‘:-2=/3 <Q¢)w[a-£row(a*:)];(

+s,./5<C &+Z-J@ ora](a+f) + ;222 (11a)

// x C
] et o, 5[] s

tursted a.nd trim
cumbered Suﬂ-aczs Surrace

Ve g

(In applying Eq. 1lla to Config. 1, put £ W= © , and vhen applying
it to Config. 2, put »@ ,=0.) The first term is the dreg (or,
more strictly, the contribution to Co,; //66"2 ) produced on the
wing with no twist or camber, the second term i; the drag on the
trim surface with no twist or camber, and the remaining four terwms
give the additional drag that arises 1f the surfaces are twisted and
cambered.

For the wing-alone case, Config. 3,

;Z} /g@L“)“‘ - S’> (O(*S)[/g(qd) o(+/€(c~“‘ -]s
c (L.1) 2. C (11v)
fg?i:[[w EEna 4""’7*{{[;’%2 g2
and cambered

where the first term is the drag on the -part of the wing forward of
the flap and the second term is the drag on the flap, both surfaces
assumed to be untwisted and uncambered. The remaining four terms
give the additional drag that arises if the surfaces are twisted

or cambered.
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If the trim surface 1s undeflected with respect to the wing
(5 = 0) and if the surfaces are flat (4: O, hence C"o = O and
C., =0 ), then, from Eqs. 10 or 11, the induced drag para-
meter is simply

Cos = & for § =0, flat surfaces

ac?

for all three configurations.

Trim condition: If the configuration 1is im trim, then

Cyq = O. The angles a and © are then determined as a function of
/JC from Eqs. 1, 7, 8 with Cy = 0. The result is
L

&= /C ( Zd) C(,/C _ C)Cm /o’ C.
xf- L CZJ‘- G()/&'L“
§= _(’Z’o—x“ C‘o //rl. + 3 CM I/a CL
A, (x5-x ) BC

Drag due to lift of flat configurations in trim: For these
configurations the terms of Eqs. lla, -b, due to twist and camber
are zero and CLo in Eqs. 13 and 14 1s zero. Inserting the trim
values of @ and & in Eq. 1lla then gives for the wing-plus-tail

(or wing-plus-canard) configuration

Coi _ 1 {/+[£wor 5 A(C) 1 HRrom /‘9<C‘°L)w:,R

+ 5. 8 (CL‘)T/B(CL“)W R }

WITH _’(aCM /dC.) 2 Cp _
R_—/&(JC‘M /aS)CL e 25 /¢c, CLS(ZS—X::L)

(a CM/af)CL, vhich 1s obtained by holding Cj, fixed but letting
a vary with 5, 1s a derivative similar to the "elevator power",

where here the "elevator" or trim surface is an all-movable tail
or canard (Eq. 15a8) or & wing trailing-edge flap (Eq. 15b). The

13

(12)

(13)

(1%)

(15a)
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corresponding equation for the wing-with-flap configuration (from
Eq. 11b) is

CD[ - / 57_[/6 (Clu)T - /]R 'f'(’-sT)STﬁ(CLq)T Ra (150v)

P CI A X (AW
with R as in Eq. 15a. In Eq. 15b the wing area is defined, in
accord with current usage, to include the area of the flap. If
instead one were to exclude the flap area from the wing area, then
Eq. 15a would also apply to the wing-plus-flap case. "erow would
be zero, andzéworvould be l-chd)w/(C‘_d)r. (Rote that sp would
then be the ratio of the flap area to the area of the wing forward
of the flap.) Cku would be given by Eq. Sa.

Eq. 15 does not include any leading-edge thrust which might exist
when the leading edges are subsonic (/5’/? < ¢ ). Tha reduction
in drag due to leading-edge thrust is computed in Appendix D for

some special cases of flat configurations.

Drag due to 1ift of canard plus wing with tip panels uniformly

twisted, in trim: For this configuration, the wing tip panels are

deflected by the constant angle a, with respect to the inboard por-
tion of the wing, giving the wing an elementary twist. Eq. 1lla,
with the aid of Eq. 1, becowmes

;g;e - = +5r/5<CLd.)'r s (E + 'E:L)

2
°

+ A &E + A X, %+ A;;‘o 3

The first two terms of Eq. 16 are exactly equal to the first two
terms of Eq. lla with £WOT= O plus the last term of Eq. 1lla. The
coefficients A,, Ay and Ay depend on the configuration geowmetry and
Mach number and are evaluated for a special case in Appendix C. The

values of @ and & for trim are given by Eq. 13 and 14 with

C -
‘o = 4 SP O(o
CL

Ve RN e s

(16)

(17)
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for a delta wing with sonic or supersonic leading edges. 8, 1s the

ratio of the area of the two panels to the area of the wing.

If on> chooses Qp to minimize the drag (Eq. 16) of the config-
uration, then )

s = B, B, GC, /5C,)

olopPr

The coefficlents By and B, are functions of Mach number and the con-
figuration geometry and are evaluated numerically for a special case
in Appendix C. Note that (& ) .. varies with aCM/aC,_

Drag due to 1ift of configurations with varying twist and camber,

in trim: Germain (3) has determined the induced drag of certain op-

timally twisted and cambered delta planfora wings with sonic leading
edges ( /5/4?= # ). Specifically, he has determined the minimum
drag for & prescribed 1ift, and the minimum drag when both lift and

moment are specified. The results can be presented in the form

(o, - )
\A’C‘f win, = Function o p 'F(P)

= 02222 + 1909 (0.0556 - B)?

I

vhere P 1s the non-dimensional distance from the center of pressure

of the twisted-cambered wing to the centroid of the wing area. For

any given value of F & specific distribution of local angle of attack
is required to achieve the minimum Ch/95C12 . The magnitude of the
angle of attack at any point depends also upon/z?and Cp. If lift only
is prescribed, the minimum value of drag is obtained with F = .0556
(measured in m.a.c. units of whatever delta surface is being consid-

ered).

For Configs. 1-b and 2-b, both the wing and the trim surface are

optimally twisted and cambered for & prescribed 1lift, so that for

15

(18)

(19)
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either surface alone in the free stream, Eq. 19 with P = .0556
applies. That is

Cow
= .0556) = 0.2222
ﬁCLa ‘F(O )
W
Loy - f(o.0s56) = o.22=22
8C,2
,

where 2y and CL 7 are based on the trim-surface planform area.

The totel loed on the wing and load on the tail may be varied so
that the configuration can be trimmed. Ome can arbitrarily choose
x=0 Av0 S = O 50 that the total 1lift comes from the distribution
of twist and camber. If one neglects the interference between the

®
vwing and the trim surface , then the lift, moment and induced drag
coefficients are

w Low o, r [

where X and'lor are measured from the C.G. tc the centers of load
W

on the wing and trim surfaces respectively. With the aid of Eq. 20

the drag equation may be written

Coi C\‘70

2 CLO 2
BT 2 _—-ﬁC"_a =f(0.055¢) [ <CLC‘:W>+ST<__C_:>J

% The interference -0 as the vertical gap between the surfaces—»m .

(20a)

(20v)

(21)

(22)

(23)

(2b)

sy
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The stability parameter is still given by Eq. 8. (It measures
the reaction to a disturbance which changes the angle of attack of
the configuration as a rigid unit. That is, although this config-
uration vhen in equilibrium has a = O, the disturbance produces a
non-zero @.) The wing and tail loads for trim, from Eqs. 8, 21 and
22 with Cy = O are

cl—ow - 2oy~ Fot _ 2Cm /aCL

C. jl"o,.‘ Zo,, %oy = oy,
Ciop _ _ 1 How = | 1 9Cm/[/IC
C;_ - Sy Koy — %X, Sy X6, Zow

The lengths Xo,~ Zxand X, ~Z , vhich are functions of P
and the distance Z from the centroid of the wing area to the

centroid of the trim surface, are evaluated in Appendix A.

The trim drag equation is then

2
Coi oz2222 <z°r Zoc ) Zow =~ %
2; C"_z zor' ‘x'or zow

Koy — o/ Xoy —Xoy, _x“w

+(r+ 5 ) ii:{‘ﬁi)}

For Config. 3-b, optimally twisted and cambered wing alone,
trim is effected by varying ;3 which requires varying the distri-
bution of local angle of attack. The drag equation is simply

_2[<x°r — X s (Zow—zac ] IdCm /Jcl_

C.. -
/5%i2 = {(F>

vhere F(F‘ )13 given by Eq. 19. If the configuration is in trim,

17

(25)

(26)

(27)

(28)
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the C.G. is located at the distance p ahead Of the centroid of the
wing. The static stability parameter is

2C,,
2C

:—Z“=—F (29)

L

It is evident that the drag values for Configs. 1-b, 2-b, and
3-b are sctually lower bounds in that the twist and camber of the
surfaces change with Mach nuwber, 1lift coefficlient and C.G. posi-
tion. Furthermore, in 1-b and 2-b, the interference between the
wing and the trim surface is neglected. However, at the design con-
dition ome could theoretically achieve the drag values of Eq. 28
for Config. 3-b, and near the design conditions, the drag values
should be close to the values of Eq. 28.

Maxiwom 1ift-to-drag ratio: In general the maxiwum 1irt to

drag ratio of any zero-thickness configuration 1s

/
<L/D>MA)( T2 F(Co,-/f‘j) 5{: (_‘D; (30)

vhereCDf is the skin friction drag coefficient based on the wetted
area of the configuration. C og depends upon the Mach number and

Reynold's number (and also upon the heat transfer rate). is the

5,
%
ratio of the wetted area to the wing area:

S = g(1+5s,) for the wing-plus-tail (or wing-plus-
canard) configuration

5‘ =2 for the wing alone (with flap or twisted
and cambered)

It 1s convenient to present the graphical results as the ratio of
(L/D)ax of the trimmed configuration to ({ /0, \xof & flat un-
trimmed sonic-edge delta wing alone. For this latter configuration

gy
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CDL'/CLE = .25/€
so that the(L/D)MAx is

_ / (31)
(L/D)Mm(, FLAT UNTRIMMED -/ 2/5 C,
SONIC-EDCE OELTA WING ALONE £
The ratio of (L/D)MAX of a trimmed configuration to ([./D) AMAX
of the flat untrimmed sonic-edge delta wing alone at the same Mach
number and skin friction drag coefficient is then

<L/ D>mmr, TRIMMED CONF/GURATION (32)

/
Cp./BCE) =25,
(Z'/ 0>MAX, FLAT UNTR/MMED v ¢ Pi 46 “ TrRimmeo i

SON/C ~£0GE DELTA WING ALONE CONFIG
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IV. DISCUSSION

A. General Trends (Flat Surfaces - No lLeading-Fdge Thrust).

Drag as function of static margin: If the wing and trim surface *
aspect ratios are the same, then the coefficient of drag due to 1lift of
a flat configuration in trim is given by

/dgcq‘%_/éc {/ +/6(C ) (S 4 lrow)’?*/s (CL"() 5 R} (15&)

- JCM aC »*
R 5—/9(acm//a§)c , (06, /08¢ = - Cop(Fg %)

= = =0
”érow o} WING PLUS TAIL / jrow

WING PLUS CANARD
2 4 =0 *‘ r- O}
! wor wo

\n s

The coefficient of drag due to lift of a wing-with-flap configuration
in trim is given by

c - /3( Len)-r
oz HGE IR+ ) R

- =9Cm/dC. 3C,, /38) . = -C._ (xg-x 3
L

p-1o% )r =48 (CLd.)W For B8R = ¢  (suPersonic OR SoNrC

LEADING EDGES

A (C, o )T > A CC‘oc)w roe SR < 9 (suasonic ceAoinG £0G€s)

*# Evaluated in Appendix A (Eq. A-4) as & function of [ , lift curve
slopes, and magnitude and location of induced load (interference).
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At zero static margin, the drag coefficient is simply the 1lift
coefficient squared divided by the 1ift curve slope of the complete
configuration. As the static margin increases, the drag increases:
It is immediately evident that the third terms of Fgs. 15a', b in-
crease as-9C,, /0C, increases; it can also be shown that the second
terms increase as - 3C,, /0C, increases. [(JC,, /d J)CLAO for a
tail or flap; (éC'M /JJ)CL> O for a cmrd.J

From Eqs. 15 it is also seen that an increase in the magnitude
of (d Cy /JJ‘) ¢, the trim surface "pover" decreases the magnitude
of R . If this increase can be achieved without altering the coef-
ficients of R and R2, e.g., by increasing /Z/ , then a given static
margin can be achieved with a smaller drag penalty.

The variation of Q,/}CLevithaC‘M/)CL is shown in Figs, 2
through 5, and 7.

Drag as function of geometric parameters Sr, /Z[l G anvo AR _:
In the numerical calculations of the drags of the wing-plus-tail and
ving-plus-canard configurations, the trim surface has the same aspect
ratio as the ving (A?r=/ﬁ’w = AR) . For the wing-with-flap config-
urations, ,4?7 # A?w = A ; however, A?T can be expressed as a
function of S and /-'Pw . Thus the effect of only four geometric
parameters is studied: S_, the ratio of the planform area of the trim
surface to that of the ving; /Z/ , the distance between the centroid of
area of the wing and that of the trim surface, measured in wing m.a.c.
units; G , the vertical gap between the rear surface and the vortex
sheet shed from the forward surface measured in units of wing span;
and R , the wing aspect ratio. (Note that AR always appears in

combination with the Mach number parameter /6= me-1%.)

For the ving-vith-flap configuration two values of S, are used:
25, .50. For most of the cases the wing with the larger flap has the
less drag (Figs. 4 and 5). Hovever, the smaller flap appears to be
better for small static margins for the low aspect ratioc wing with
/6/4? = /.5 and having no leading-edge thrust. For the wing-plus-tail
{or wingeplus-canard) configurations, Sr=.25 for almost all the calcu-
lations. However, a fev calculations of (L/D)ma.x have been made for
configurations with other values of Sr' The results are discussed in

Section IV F.
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For the wing-vith-flap configuration, { cannot be varied inde-

pendently of S, but is related to S, by the equation 2=(-54)+ (+VI=57).

For the wing-plus-tail (or wing-plus-canard) configurations, two

values of [l/ were picked: 1.5, 3.0. Increasing /l/ means increasing
|0 / JI)CL/ , the trim-surface "pover", and this decreases the drag
according to Eq. 15-.'. This trend may be seen in Table 1, in vhich for

TABLE 1: Effect of varying tail length

BR=9 —-aC, [3C,=0./0 S, = /¢
, G Co, 16C.2 Case z;
0.40 - 0.296 Wing vith flap* 7
0.59 - 0.236 Wing plus flap*| 7
1.5 o0 0.206 VWing plus tail 2g
3.0 o0 0.201 Wing plus tail | 2g

# NOTE: For the wing with flap case the wing area includes
the flap area. For the wing plus flap case the wing
area excludes the flap area.

each of the configurations there is no interference between the wing
and the trim surface. The wing and flap configurations compare as fol-
lows: Inline 1 the aft part of the wving is deflected as a flap but in
line 2 a flap is attached to the treiling edge of the wing.

Changing the vertical gap G affects "wor or jrow the average
induced downwash angle per unit deflection of the forward surface.
This average dowvnwash angle is a measure of the interference between
the wing and tail or canard. One of the primary effects of reducing
the interference is that it decreases the drag by increasing C, o’
Interference also enters Eq. 15a' in the coefficlent of R and to a
lesser extent, in-(3C,, /df)cL . Whether or not the rear surface is
above or below the vortex sheet a given distance does not matter,
since the downwash field is symmetrical with respect to the vortex
sheet. The effect of changing ( 18 illustrated in Table 2. It

ASII VRS o ]
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is interesting to note (Table 2a) that the drag decreases much more
rapidly for the canard configuration than for the tail configuration
as the gap increases from zero. Already at G = 0.10 the two config-
urations have very nearly the same drag. At a positive static margin
(Table 2b) the decrease in drag with increasing G is somevhat greater
than at neutral stability.

TABLE 2: Effect of changing vertical gap

(0 G/ =0 pRes sl ll=is
Wing Plus Tail Wing Plus Canard ii;_

G 5 ‘wor Co;/éfcf ln" Cos C:'

0 0.150 | 0.225 0.305 | 0.264 13,2b
0.05 0.138% | 0.225% 0.236% | 0.2u6* -
0.10 0.127% | 0.223* 0.15h#| 0,208% .

. 0.048 | 0.208 0.050 | 0.208 13,2¢

0 0.200 0 0.200 2g
(v) —(JCM/QCLFO-/O BR=7 s,=)3 =15
Wing Plus Tail Wing Plus Canard ;S,"’
1g.
G 5r‘4wor Co; /,56‘2 “érow Co; /- 14
Y 0.1k0 0.239 0.305 | 0.297 13,2
0.5 0.048 | 0.216 0.050 | 0.217 13,2e
oo 0 0.205 0 0.205 2g

® Approximate calculation based on expansion of Eqs. B-7,8 about G = 0 .
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A range of 8 R from 1.5 to 8 is studied here. In general, the
drag parameter, CDL /ﬂcf', decreases as the reduced aspect ratio,
/5/R , increases but the rate of decrease diminishes with increasing
/6/4?. For the wing with flap case vhen the wing has supersonic leading
edges the drag does not vary with /?/R When the wing has subsonic
leading edges and leading-edge thrust is not included, the drag decreases
with increasing S/ but vhen leading-edge thrust is included the mini-
mum drag point occurs near &/R= 3 (Fig. 6).

B. Comparison of Wing-Plus-Canard with Wing-Plus-Tail Configurations
(No Lesding-Edge Thrust)

Flat wing plus tail and ving plus canard (Configs. 1-a and 2-a):
The comparison will be made only on the basis of trim drag, and the
effects of various parameters on the trim drag will be examined one at
a time. Since calculations have been made only for the case vhen the
wing and tail (or canard) aspect ratios and hence lift-curve slopes
are the same, it is convenient to refer to Eq. 15a' (Section IV A)
rather than to Eq. 15a 1in making the comparisons.

First, if there is no interference between wing and tail (or
canard), i.e., 1f }wor' 0 (or}rown 0), and if Configs. l-a and
2-a have the same /l/ and the same static margin, then R is the same
for both configurations, and the coefficient of R in Eq. l‘)'a.' becomes
zero. Hence the trim drag of the two configurations is the same.
This can be seen more directly as follows: First examine the neu-
trally stable trimmed configurations of Sketch (a) for which the
c.g. is at the neutral point Ny The wing and trim surface

\LLQN,, L na g N \T\Lw
=

o ae] o — a-+

Vo w

wing tail canard 7ing
Sketch (a): lleutrally Stable Configurations

will be at the same angle of attack. Assume that the tail is
geometrically similar to the wing. Then

(a)

U sy



o F g

25

Since it is assumed that there is no interference between the wing
and trim surface, the drag cannot depend upon the relative locations
of the surfaces. For this neutrally stable case, the loadings on the
two configurations are identical. Hence it is evident that the drags
of the two configurations are the same. Now shift the center of
gravity of each configuration forward by the same amount, Z o , 80
that each configuration has the same positive static margin. To
retrim either configuration, maintaining the same total 1ift, it is
necessary to add the load AL , wvhich is proportional to X, , to the
forwvard surface and to subtract the same load A L from the rear surface
as in Sketch (b). For the canard configuration,

L+ AL
Lr+AL?
> L b gt
~L 11) Lﬁy
zﬁ-
w
ving tail canard ving

Sketch (b): Configurations with Same Positive Static Margin

additional load is carried on the trim surface and less on the ving;
for the tail aft configuration, the reverse is true. The drags are
then:

(L, +o0)* (L, —aL)?
P A

for tail aft case

Uo-bL)  (Lp+ar )?
D~ T
5.t TS

for canard case

With the aid of (a), it is seen that the cross-product terms in both

(b) and (c) disappear. Thus the flat non-interfering wing plus tail
has the same trim drag as the corresponding flat non-interfering wing
plus canard, both configurations having the same positive static margin.
Note that in Fig. 2g, for vhich G = ®© which means there is no inter-
ference, the drag curves for wing-plus-tail and ving-plus-canard con-

figurations are identical.

(v)

(c)
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As the gap G decreases, some unfavorable interference arises.
A@wo, (or AGmw) acquires a positive vn.lue,CLoL decreases, and hence
the drag increases. This effect is greater for the wing-plus-canard
than for the wing-plus-tail configuration, as seen from Fig. 2.
Figure 2 also shows that, as G decreases, the variation of
CD‘: //5CL2 with 2C,, /JC(_ increases, and this effect is more pro-
nounced for the wing-plus-canard than for the wing-plus-tail config-

urations,

Of special interest is the case for which Sy ,.@war , for the
ving-plus-tail configuration, equals /g-,ow of the corresponding wing-
plus-canard configursation.*® ch. , Egs. 5a, =b, is then the same
for the two configurations. It can also be shown that /BCM/.J 5‘/
18 nearly the same (see Eqs. 6 and A-i). Thus |R/ is essentially the
same for both configurations. Also, the magnitude of the coefficient
of R is the same. Thus, for this special case, the wing-plus-tail
and wing-plus-canard configurations have essentially the same drag.
For %nw < 54 ,‘wo, , the wing-plus-canard configuration has less
drag than the corresponding wing-plus-tail configuration. An example
of this latter case is shown in Fig. 2e vhere G = .5, e 1.5,
AAR=8 ad S; =.25. The values of ‘evow and S, Aéwo,r are approx-
imately .018 and .028 respectively.

In the preceding discussion, the comparison between the trim drag
of the wing plus tail and the trim drag of the wing plus canard has been
made with both configurations having the same values of G ///, PR, 57
and 2 CM/JCL . In actually deciding between ving-plus-tail and wing-
plus-canard configurations it might for some reason be more pertinent
to compare the configurations at unlike values of some of the parameters.
For example, perhaps a wing-plus-canard configuration is inherently
gsuited to have a longer tail length than a wing-plus-tail configuration.
say G =0,8R=14, S, = .25,-—96,,,/)6“_ = .20 and [?] = 1.5
for the wing plus tail and 3.0 for the wing plus canard. Then (Figs.
2b and 2d) Co, //56,_2 2 .24 for the wing plus tail and CD‘_-/dCf
2 .275 for the wing plus canard (instead of = .295 when /{/ = 1.5).

® Comparing S,Am,witha"mw is equivalent to comparing Sr "éwor
with Sw,l'-,ow vhich latter comparison displays more symmetry.
However, it has been convenient throughout to divide through by
the wing area.

A I \VEN S o
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Should subsonic stability requirements make it possible at super-
sonic crulse conditions for a wing-canard configuration to operate
at a much smaller static margin than a wing-tail configuration, then
the supersonic induced drag of the trimmed wing plus canard might
be as small or smaller than the supersonic induced drag of the trimmed
wing plus tail. Thus, if the two configurations are the same as in
the previous example except that the static margin for the wing
plus tail is .25 instead of .10, then the flat wing plus tail,
with CDL./ﬁC‘_z = .28 has about the same drag as the flat wing
plus canard. With proper twist, the wing-canard configuration in
such a comparison would have less drag.

Canard plus wing with uniformly twisted tip panels - Config. 2-c:
The discussion of flat wings and tails (or canards) indicated that with
interference present, the wing-plus-tail configuration has somevhat
less drag than the corresponding wing-plus-canard configuration (except
at very high ZAR). However, if the ving tip panels are twisted so
that the tip region is at a lover angle of attack than the center
region, then the following effects occur: First, reducing the locad
on the tips and increasing the load in the center shifts the center
of load on the wing forward. Then less load need be carried on the
canard to trim the configuration so that the interference effects be-
come less severe. Secondly, this shift in load results in a better loed
distribution over the wing so that the drag due to a given 1ift on the
ving 1s decreased. Thirdly, the canard is more lightly losded and
hence its drag is reduced. Table 3 compares a canard-plus-flat-wing
configuration with a canard-plus-wing-with-twisted-tips configuration.
The corresponding flat-wing-plus-tail configuration is alsoc included.
Values of S, &, = .159 and _# .., = .295 vere computed from
Trefftz-plane values of downwash assuming a flat vortex sheet (Section
IV G).
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TABLE 3: Angle of attack, load and drag on wing and canard (or tail) in
trim. Canard plus wing with uniformly twisted tips compared with
flat configurations. Interference computed by assuming flat vortex

sheet.

G=0, BR=9¢, K=/5, S, =)a

(a) QCM/‘)C‘L =0

angle of attack fraction of coefficient of drag due
(in redians)+ &C_ at total load on to lift + &C 2 of
vwing | wing canard ving canard ving canard total
ctr.| tip [(or tail) (or tail) (or tail)
- = = - = 2 2
Conttg. | & |x+&, &+ F | L,/ | L /L C""w/f“‘ Cot, JBC.2 |Co; JBCS
Fl‘;l::“ 262 | 262 | .262 137 | .263 193 | .069 .262
canard
Canard
plus wing [.325 | .064 | .208 792 | .207 .181 | .ou3 224
'with twist-
ed tips ®
Flat wing
plus tail .229 229 229 917 .083 .210 .019 .229
(v) QCM/aCL=—.es
- - = - - 2 2
Config. o X +& | &+ 5 Lw/L [.r/L C;L./ﬁCL Co,’q//f(f Co" C
Flat wing
plus 271 | 271 466 .532 468 .1k .218 .362
canard
Canard
plus wing [.366 [-.028#%% | ,384 .615 .385 .127 .148 275
with twistd
ed tips *
Flat ving
plus tail F271 | .2T1 .083 1.082 |-.082 .293 | -.007 .286
o Angle of twist picked to minimize drag when (a) 2Ca, /JCL =0 ,
(v) ac,, /o€, =— .25 - The off-design drag values are shovn in Fig 3a.

#*  The tip angle of attack is negative, but the load on the tip is not
necessarily negative since the tip lies in an upwash field.

U N g
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Note in the table that the canard plus wing with twisted tips
actually has less drag than the flat wing plus tail. The latter
configuration could also be improved somevhat by twist and camber.
However, not nearly as much improvement is expected because unlikg
the wing-plus-canard configuration, neither surface of the wing-plus=
tail configuration operates in a highly non-uniform downwvash field.

Thus finally it appears that on the basis of the same tail length
I?I , same area ratio S, , same aspect ratio, same gap, and same
static margin - therc 1s very little difference in the trim drag of a
wing-plus-canard and a wving-plus-tail configuration, if one twists
and cambers tne surfaces as needed.

€. Comparison of Wing-Plus-Tall and Wing-Plus-Canard Configurations
to Wing-With-Flap Configurations (Flat Surfaces - No Leading-Edge Thrust)

In the present method of analysis three effects occur in going
from a wing-with-flap configuration to a ving-plus-tail (or wing-plus-
canard) configuration. First the area on which a given load can de
carried is incressed. (Note C,. and (,  are based on the
ving area.) Secondly, the interference between the ving and the trim
surface is increased. This is related to decreasing the aspect ratio
of the system. Thirdly, the moment arm of the system is increased.

The fact that the area increases in going from a wing-with-flap
configuration to a wing-plus-tail (or wing-plus-canard) configuration
is a result of defining the wing area to include the flap area. If
instead the wing area vere defined to be the area of that part of the
ving forward of the flap, then this area increase would not occur.
Furthermore this "wing-plus-flap" configuration could be treated
exactly as a ving-plus-tail configurstion. The drag could be found
from Eq. 158 with C,_ given by Eq. Sa. (Note that Eq. 158’ 1s
applicable to this wing-plus-flap configuration for &R = ¢ | but
not for /3 /MR<9, since in the latter case /8@1_*)7*/8 (C“)w )
A, would be zero and K., woul ve 1- (C, )/, ), hich
is zero for &S/R = ¥ . However, almost all the calculations are
made wvith the wing area defined to include the flap area. The only
exceptions are Fig. 7 and several tables in which both definitions

are used alternatively.
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In Table ka,Co, /é’Cfof the flat wing and flap 1 computed
alternatively using the definition of wing area that includes the
flap a.re@ and using the definitien that excludes the flap area. Then
the flat ving and flap is compared with flat wing-plus-tail and wing-
plus-canard configurations. For cases II or III as compared with I,
the trim surface gives added area on which the load can be carried and
this decreases the drag.

Table 4: Comparison of trim drag: Flat wing and flap, flat wing plus
tail, and flat wing plus canard. S R=9¢ , S, = /g

(a) Examples to 1llustrate effects of increasing area and of increas-
ing interference. 3C,, /.,)C‘L.: o , /l/arbitrary, § =0

Case I 11 111 Iv v
Config., |Wing with |Wing plus | Wing plus | Wing plus Wing plus
flap (wing | flap (wing | tail (or tail canard
includes excludes canard)
flap) flap)
G - - oo 0 0
s, Buor| - ore 0 140 0
Aol - 0 0 0 .305
Co . JBC 2| -25 .20 .20 ~225% 265
See Fig. h,7 T 2g 2b,d 2v,4d
(b) Examples to illustrate effect of increasing moment arm.
3CM/3CL=—.25 , d# O Configurations as in (a).
Case 1 II 111 v v
IZI .40 .59 1.5 1.5 1.5
G - - oo 0 o]
57’ 'gwor - . llI-O [¢]
Tow = 0 -305
Co /82| 5w 2l .235 .278 .370
See Fig. u,7 7 2g 2v 2v

® Thege values differ slightly from those of Table 3 since in Table 3 the

interference was computed by assuming a flat vortex sheet while here a
rolled-up vortex sheet is assumed. :

## For AR Z A thig average Interference is zero. Fox‘/é’/‘R‘< g, 1t
would be positive.

TN
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Table 4a also shows the effect, in going from flap to tail or
canard configurations, of increasing the interference. For example,
in going from II to IV or V the interference increases and the drag
increases. It is interesting to note that in going from a wing and
flap to a wing plus tail (or canard) one is decreasing the aspect
ratio of the system (in the present method of analysis). Decreasing
the aspect ratio of a wing in general tends to decrease its efficiency
as a lifting surface and this can be explained in terms of interference.
For example, on a very lovw aspect ratio rectangular ving most of the
load 1is carried on the forward part of the wing and very little on the
rear part. If these parts were treated as separate surfaces, then the
rear part vould be operating inefficiently because it is in the down-
wvash field of the forward part.

For all the cases of Table La, the configurations are neutrally
stable and the trim surface is undeflected with respect to the wing.
However, in Table 4b, the configurations each have a positive static
margin of the same amount, the trim surfaces are deflected with
respect to the wing, and the effect of changes in moment arm can be
demonstrated. For example, in going from a wing-flap configuration,
to a wing plus tail (or canard), the moment arm increases and the

drag decreases.

The maximum lift-to-drag ratios of the configurations of Table 4
are given in Table 5 (Section IV F).

D. Uffects of Twist and Camber - Bounds on Wing-Plus-Tail, Wing-Plus-

Canard and Wing-Alone Drags

Config. 3-b, wing with twist and camber: In general one can ex-

pect to decrease the drag of a 1ifting surface by giving it a proper
twist and camber. Germnin(3) has found the drag due to 1ift of a
sonic-edge delta-planform ving ( & A< = L) optimally twisted and
cambered to minimize the drag under the constraints of a specified
1ift and a specified moment., There is an optimum distribution of
local angle of attack for each design condition. (At a design con-
condition values of/ﬁ, C, , and QCM/a C_ have been specified.)
These minimum drag values, vhich can be considered as a bound to wing-—
alone trim drag, are shown in the lowest curve of Fig. 4. It is seen
that a considerable reduction in drag from the flat-wing-wvith-flap
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value can be obtained by optimally tvisting and cambering the wing, A
particularly at large —9C, /3C, . It is interesting to note that

the lowest drag occurs at—aCM/dC‘,_- .0556, a positive value of the -
stability,

Configs. l-b and 2-b, wing plus tail (or canard) vith twist and
camber: The drag of the flat wing plus flat tail (or canard) can also

be reduced by proper twist and camber of the wing and trim surface.

The beneficial effect of twisting the tip panels of a wing in the down-
wash field of a canard has already been seen (Section IV B, Config.
2-c). Here the effect of twist and camber of the wing and of the trim
surface of a configuration in vhich there is no interference (G =oo)
is examined. The wing and tail (or canard) are each a "Germain wing"
of sonic-edge delta planform designed to give a minimum drag for a
specified 1ift. The distribution of local angle of attack is fixed,
but the magnitude is a function of /5 , C, and—23C,, /9C, . Thus,
again the lov drag value can be achieved only at the design condition
(and with G = o) s0 that the lowest curves of Fig. 2g are also in the
nature of a bound on the drag values of a wing-plus-tail (or wing-plus-
canard) configuration. (It may not be a true lower bound in that for
large — 2Ca,/dC, 8nd small tail length /// a slightly lower drag
for the configuration might be achieved by choosing a wing and a trim
surface optimally twisted and cambered with both lift and moment
specified, The drag for a given 1lift of the individual components
would be greater, but this might be offset by getting an effectively

longer moment arm.)

E. Leading-Edge Thrust

When the leading edges are subsonic ( ﬂ/‘RC ¢4 for delta plan-
forms) it is possible for some leading-edge thrust to exist. In most
of the calculations no leading-edge thrust has been included. However,
the drag of some of the wing-with-flap configurations, and a wing-plus-
tail and a wing-plus-canard configuration (each of the latter with
p?/4? =/S ,G =0, and interference found by assuming a flat
vortex sheet) have been computed under the alternative assumptions
of no leading-edge thrust and full leading-edge thrust (Figs.3,5,6).

If full leading-edge thrust is attained, there is a considerable
reduction in drag at small values of/A?,4?. For example, for a flat

NN b
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neutrally stable wing with SR = 1.5, the reduction in Co‘.//é C,_a
18 about 40% (Figs. Sa, 6a); while with /6/4? = 3.5, the reduction
is about 1T% (Figs. 5b, 6a). Creater reductions occur at positive
static margins. With full leading-edge thrust the drag of a delta
wving with subsonic leading edges is about as low or lower than the
drag of a delta wing with supersonic leading edges. The variation
with aspect ratio is shown in Fig. 6a for QCM/ale O and in Fig. 6b
for QCM /BC(_= — &5 . VWhen full leading-edge thrust acts there

18 somewhat less variation with JC,, /a Cz. than vhen no leading-edge thrust

acts {Figs. Sa, b). For a delta wing with a large flap, it is inter-
esting to note that with full leading-edge thrust the minimum value
of CD" /,SCLE occurs at a positive value of the static margin
(Fig. 5).

F. Maximum Lift-to-Drag Ratio

Figures 8 through 12 give the ratio of (L/D)MAX of the
various trimmed configurations to the </_ / D) AMAX of a flat un-
trimmed sonic-edge delta wing at the same Mach number and with the
same skin-friction drag coefficient. All the configurations have zero
thickness.

A comparison of configurations on the basis of (L/D)MAX
eliminates the effect of configurations having different total areas.
This is illustrated for sonic leading-edge configurations in Table 5
and also in Fig. 11. At zero static margin, there is no difference be-
tween flat wing-alone and flat wing-plus-tail (or wing-plus-canard)
configurations of zero interference (infinite gap). As the interfer-
ence increases, these configurations become poorer than the wing alone.
For BC‘M/aC’,_z =25 , the wing plus tail or wing plus canard (except
when G =0 ) is superior to the wing and flap. The greater moment arm
offsets the smaller effective mspect ratio of the wing plus tail (or
canard) in the comparison to the wing and flap.

The Germain configurations of Fig. 11 and Table 5 indicate that at
a given design condition, & considerable improvement in (¢ /D) mayx C8D
be made by proper twist and camber of the surfaces. (L /D)MAX of the
flat wving plus canard is increased appreciably Just by uniformly twist-
ing the ving tip panels (Table 5).

The effect on (L/ D)MAX of changing the trim-surface area has not
been studied 1in detail. Bowever, some calculations have been made
for flat wing-with-flap configurations and for flat wing-plus-
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tail and flat wing-plus-canard configurations vith sonic leading edges
(/6/4? =4) . In some cases the optimum trim area (’crim area such
that the configuration bas the highest (L/0), .  at a given static
mn.rgin) has been found. In general, if there is no net interference
between wing and trim surface, a large trim area is desirable; if there
is interference and if the static margin is not too large, a small
trim area is desirable.

Por the wing-vith-flap configuration with &G AR > £ , for which
case there is no .net interference, the optimum flap area is equal to
that part of the ving area forvard of the flap (Fig. 12¢, S, = -50).
For /6 AR , the net wing-flap interference is no longer zero and
the optimum flap area has not been computed but is probadbly less than
.50. For example, for &S R =/5 wvith no leading-edge thrust and at a
small static margin the flap with S, = .25 is slightly better than
that with S, = .50. However, in most cases the larger of these two
flaps 18 dbetter.

For the flat wing-tail or wing-canard configuration with sonic
leading edges and at a positive static margin, increasing the trim
surface area up to the area of wne ving increases (1. /D) MAX if there
1s no wing-tail or wing-canard interference (e.g. at G = oo , Figs.
12c). At zero static margin (L /D), . is unaffected by the size
of the tail or canard. For the wing-tail configuration with G = O
(Fig. 12a), for which value of G there is maximum interference,

(¢ /D) arax 18 considerably higher if the tail area is one-fourth
the wing area than if the tail area equals the wing area. For the
wing-canard configuration with G = 0 (Fig. 12b), ({/D), .. is higher
if the canard area is one-fourth the wing area than if the canard
area equals the wing area for lov and moderate static margins, but at
high static margins the reverse is true. At low static margins the
lovest (/D)4
figuration. The size of the trim surface has leas effect on (L/D)MAX
for the canard configurations than for the tail configurations.

occurs at some value of S, < / for the canard con-

The optimum tail and canard areas and the corresponding (¢/O) prax
values for the /3/4? =4,Gs=0, /Z/ = 1.5 configurations are also
shown in Figs. 12a, b as functions of the static margin. At zero

static margin, zero trim area is optimum. As the static margin
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increases, the optimum trim area increases apprcximately in propore-
tion to the static margin except that at large static margins the

optimum canard has an area equal to that of the wing. In Fig.12 4 various
flat configurations with optimum trim areas are compared.

G. Average Downvash '&n‘lﬁ_

Calculation of wor and "4‘row ¢ Since the drag of a wing-
plus-tail configuration is quite dependent upon Aéwor and the drag
of a wing plus canard is quite dependent upon 4€ row » it 18 neces-
sary to define these numbers clearly and to describe how they were
calculated. jwor is defined to have a value such that the
coefficient of induced 1ift on the tatl 1s — A, o s, (C. ). ;
similarly, jr ow 18 such that the coefficient of induced lift on
the wing 1is ""‘raw@“’:} (€ )., - Thus jwo, 18 an average
value of de /da Produced at the region of the tail by the wing and
"éraw is an average value of de/docproduced at the ving by the canard.
The values of "éwor and «fg.mw could be estimated from charts of deldoL .
(See Ref. 4 and references cited therein.) For numerical calculations
made here, they have been computed from analytical expressions for de / dx
in the Trefftz.plane (far downstream). This will over estimate their
magnitude somevhat, particularly for short tail-length configurations.

Most of the graphs are based on values of & computed by assum-
ing that the vortex sheet shed from the forward surface is rolled up
into two vortices in the neighborhood of the rear surface. (This
assumption simplifies the calculations.) The other extreme is to
assume that the vortex sheet remains flat in the region of the rear
surfaces. At positions far from the vortex sheet or discrete
vortices ( G large), the downwash values are little affected by the
assumption about the vortex sheet. The greatest effect occurs when
G = 0. Fig. 13 compares the values of /é for G = O, computed on
these two different assumptions. The corresponding differences in
CD‘. //@CLa are seen by couparing the curves for/ﬁsz 1.5 {vithout
leading-edge thrust) and/f/R- b of Fig. 3 with the corresponding
curves of Fig. 2. The differences are small. For example, for a
ving plus tail with &R = b and 3C,, /aC,~ 0, (b, /BC 2 = .225
if a rolled-up vortex sheet is assumed as compared to .229 when a
flat vortex sheet is assumed. The effect of the vortex sheet

o
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assumption upon (£/D),,, for ving-plus-tail configurations vith S8R =4
is shown in Fig. 12a.

Computing A involves computing the induced 1lift on the rear
surface and this 18 done with the aid of a strip theory. The theory
is exact for delta wings with supersonic and sonic leading edges, but,
in general, is only approximate for delta wings with subsonic leading
edges (see Appendix B). For very low effective aspect ratios of the
rear surface, say /S’/R </ , the value of /k computed in this way
is unreliable.

Determination of G: G has been defined as the vertical distance
measured in units of wing span, to the rear surface from the vortex
sheet shed from the forward surface. For many purposes it 1s probably
sufficient to take G as the non-dimensional vertical distance from
the forward surface to the rear surface wvhen the configuration is at
zero angle of attack. Actually the vertical distance from the vortex
sheet to the rear surface will be somevhat different from this and will
vary with angle of attack both because the vortex sheet is deflected
dovnwvard from the x-saxis (vhich passes through the forward surface and
is aligned with the free stream) and more importantly because the rear
surface lies below the x-axis vhen the vhole configuration is at the
angle of attack ol . Approximations for the dependence of G upon o
are given in Appendix B.

Since G depends somevhat upon the angle of attack of the forward
surface, ,4 and hence C Lo also depend somewhat upon this angle of
attack. (This dependence introduces a non-linearity into the problem.)
However, the dependence of G upon the forward surface angle of attack
is neglected in the equations of this report in finding, for example,
QCM/ao( , and G is assumed to be an independent parameter.

Drag calculations from other values of /‘gwor and Agrow - for
short tail lengths, for tvin tails: It may be that the values of
/‘wo., and A‘mw used in this report 4o not seem appropriate to
some configurations. TFor example, for short tail lengths, xewo.,
and /“Tow should really be obtained not from Trefftz-plane values
of downwash, but from downvash values a short distance behind the wing.
This would decrease /'é wor ©OF /érow and hence decrease the trim
drag. These nev drag values could be computed directly from the basic
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equations, vhich are expressed as functions of "ewor , or "érow ’
or they might be estimated from the graphs, by choosing, not the actual
G, but a value of G which corresponds more nearly to the new value of

/@wov' or "grow *

There is also the possibility of modifying the configuration so
that the rear surface lies in a region of lover downwash, or even of
upwash. For example, instead of one tail, one might use twin tails,
with the same total area as the single tail, placed to the rear and
outboard of the wing tips in the upwash field of the wing. Similarly
one might use twin canards so placed that they produce upwash on the
wing. Then the ving, trim-surface interference will be favorsble. Table 6
gives some results obtained from Eq. 15.'. (This equation is still applicable
vhen there is no interference between the two trim surfaces.) The drag
of the configurations with twin trim surfaces is considerably less than
the drag of the single trim-surface configurations. However, structural
requirements might penalize these unconventional arrangements, particularly
the twin canard configuration so that much of this potential gain in
performance might be lost.

TABLE 6: Comparison of twin and single trim surfaces shoving effect of
favorable wing, trim-surface interference. Flat vortex sheet
assumed.-3Cn /9, =.10, G = 0, SR =4, Sry=1/b, NI/ =1.5

Config. Sr lgwor jrow CD“/,&CLE See Fig.
Ziﬁilﬁliiu +.159 - .2k5 3a
:ﬁg It)il;is =.07T* - .189% -
Ziﬁilﬁl‘éimd - +.295 -292 3a
is canaras | -.0g3% 195* -

. /gwor and j row 8re estimated to be values of de/do( at center-
lines of rear surfaces. /%wor and j’row should be somevhat more
negative since upvash at centerline is somewhat less than average up-
wash. It is also assumed that induced load acts at centroid of plan-
form area.

(S, I VRS
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V. CONCLUSIONS

Calculations have been made of the trim drag (drag due to lift of
configurations in trim) of wing-plus-tail, wing-plus-canard and wing-
alone configurations at supersonic speeds. In general it has been
found that the trim drag decreases as the aspect ratio increases, as
the tail length incresses, as the vertical distance, the "gap" between
the rear surface and the vortex sheet from the forwvard surface, increases,
and as the static margin decreases; also suitable camber and twist
decrease the trim drag. However, calculations for wing-with-flap con-
figurations with subsonic leading edges indicate that if full leading-
edge thrust exists, then there is a range of aspect ratio in vwhich decreas-
ing the aspect ratio decreases the trim drag. Also if leading-edge thrust
exists or if the surfaces are twisted and cambered there c¢an sometimes
be less trim drag at a small positive static margin than at zero static

margin.

The optimum trim-surface area depends in general upon the static
margin, the tail length, and the interfesrence bhetween the surfaces.
A limited investigation of flat sonic-edge wings and trim surfaces ine
dicates that if there is no net interference large trim surfaces are
desirable, if there is much interference small trim surfaces are de.
sirable at least if the static margin is not tco large. For wing-vith-
flap configurations, large flap areas are usually desirable. For
wing-tail configurations, large tails are desirable if the gap is
large, small tails 1f the gap is small. For wing-canard configurations
large canards are desirable if the gap is large or for any gap size
if the static margin is large, small canards if the gap is small and
the static margin small. For zero gap and small or moderate static
margins, the optimum trim area (to give the highest (L/D),,.) is
approximately proportional to the static margin divided by the magni-
tude of the tail length according to a semi-empirical analysis.

If one compares a flat wing-tail configuration to a flat wing-
canard configuration (of the same trim-surface area, tail length,
aspect ratio, gap and static margin) then, if there is zero gap, the
ving plus tail has significantly higher (L/D)MAxthnn has the wing
plus canard. This is still true even if the comparison is made using

optimum rather than the same trim-surface areas. Also the wing plus
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tail is somewhat more tolerant to an unfavorable change in any of the
parameters, e.g. to increasing the static margin. However, if the gap
is large, or if it is possible to choose a more favorable value of some
parameter for the canard configuration than for the aft tail configura-
tion, e.g. a longer tail length or a smaller static margin, or if an
optimum twist can be used for the canard configuration, then there is
little difference in the cruise performance of the two types of config-
urations. The often quoted "popular" concept that an airplane with a
canard type of trim surface is superior to one with an aft tail surface
because the trim load lifts up instead of down is incorrect. If there
is 1ittle wing-canard interference, or if there is proper wing twist,
then the penalty for trimming by adding 1ift to the small low-span can-
ard surface and subtracting the same amount of 1lift from the main wing
is about the same as the penalty for trimming with a small down load on
the tail and adding lift on the main, large-span wing. (If there is
much interference and if the configurations are flat, then the penalty
for trimming with a canard is greater than that for trimming with a
tall, comparing configurations with the same tail length, static margin,
etc.) It seems probable, then, that considerations other than super-
sonic trim drag will determine whether a tail or a canard is a more de-

sirable trim surface.

At small static margins, wing-with-flap configurations may have
higher (?/ZiLmAX values than the corresponding wing-plus-tail or wing-
plus-canard configurations. However, at larger static margins, the in-
herently longer tail length of the wing plus tail (or canard) gives
that configuration an advantage over the wing alone. If all the surfaces
were properly twisted or cambered it seems likely that the wing plus tail
(or canard) would have a slight advantage over the wing alone at almost
all positive values of the static margin. For moderate stability margins
the wing and flap is about as efficient as a wing-plus-tail or wing-plus-
canard arrangement of not too small gap. Again the choice of the type
of trim surface will probably depend upon considerations other than
supersonic trim drag.

If the configurations studied here could be modified so that the
rear surface would lie in a region of lower downwash or preferably of up-
wash, considerable drag reduction could result. An approximate calculation

N E g
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in which a single tail was replaced by twin tails of the same total area
but operating in a region of upwash showed a drag reduction of about 20%.
An even greater drag reduction, about 33%, is calculated if a single can-
ard is replaced by twin canards so located that the wing operates in an
upwash field rather than a mixed upwash-downwash field. These improve-
ments are large compared to differences between wing-tail, wing-canard,
and wing-alone designs where each is advantageously arranged. However,
structural requirements might penalize such unconventional coni’i.guratiom »
particularly the twin canard configuration, so that much of these poten-
tial gains in performance might not be achieved.
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vI. APPENDICES

A. Superposition Procedures, Lift Curve Slopes, Centers of Load

*

Superposition procedures: Since it is. assumed that the flow is
governed by linear equations, the local load on a surface with a com-
plicated angle of attack distribution (actual or apparent) may be found
by superimposing the loads due to several simpler angle of attack dis-
tridbutions. The superposition procedures used in this report are shown
in the following sketches.

(a) (by
U + mouceo
fLow, Y y Y y
o -y ! Lo v L

o

Local load on wing , jw (x,9) =/(Q) (x,9) + J(b) (x,y)

SKETCH 1: Wing at geometrical angle of attack o in downvash field of
canard (Config. 2-a)

(c) (d)

Local load on flap, /‘v (1)5)=j(c) (x,9) + '44) (x,9)

SKETCH 2: Wing with full trailing-edge flap at geometrical angle of
attack o + § (Config. 3-a).

o FO
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(a) (b) (e)
a+a. a+a,-ely)

INDUC!D
FLOW
a4 a

Local load on wing , [w (z,g) =,Z(Q)(x, )+,é(b) (z,9)+ ’Z(e) (1,3/)

SKETCH 3: Wing with twisted tips in downwash field of canard (Config. 2-c).

The purpose of the superposition procedure of Sketch 1 is not clear
without further explanations: The local load due to the twisted surface
(b) is computed by a strip theory (1) vhich 1s exact for a wing with sub-
sonic leading edges (m =,B/R/4< / ) only if in the central part of the
ving between y = + I-MMw bW i1e "effective” angle of attack — €(g)+€(0)

I+m,, 2
is zero. That is, the region of influence of an elementary streamwise

strip must intersect at most only one leading edge of ihe delta planform.
However, the strip theory should be a good approximation if the angle of
attack is small in this region. Since €(j)— € (o) 15 zero at y =0,
the strip theory will be more accurate, and in some cases exact, 1f
applied to (b), while if applied directly to the surface with effective
twist oL — € (9) , it would in general always give an approximsate and
less accurate result. For sonic or supersonic leading edges (m =21),
the strip theory is exact vhatever the angle of attack distribution,

but it is still convenient to use the superposition procedure of

Sketch 1.

Lift curve slopes: The lift curve slopes for a delta wing,
nef. (&), pp. 199, 200 are

&LC,, = (T)/z) <//E>/? AR, m =/ (subsonic or sonic edges)

w

+, % =/ (supersonic or sonic edges)
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vhere £ = £ V/—»;Z) , the complete elliptic integral of the
second kind and 2= &R /4.

The 1ift curve slope for the flap may be obtained directly from
Fig. A, 14f, page 196, of Ref. 4 by first computing the aspect ratio
of the trapezoidal planform of the flap.

Centers of load ~ (Zf-Zo(), (Zo-Zoc): In general, the distance
from the center of the load on a configuration at angle o< to the center

of load on the configuration when the trim surface is at angle $ (and
[ )
ot = 0) is (see Fig. 1)

1—Z“=/+C,F?S—C\.P.d (A-1)

vhere / is the distance from the centroid of the wing planform (which
includes the flap in Config. 3) to the centroid of the trim surface.
(Ncte that distances are positive vhen measured in the downstream
direction so that / 1is positive for a wing-tail configuration, and
negative for a wing-canard configuration.) c s is the center of the
load due to & measured from the centroid of area of the trim surface, and
and C. P o 18 the center of the load due to & measured from the centroid
of the wirg. let X ,, and X , be the centers of the "direct" loed on the
flat wing and on the flat trim surface respectively, and let X ,5,, and
X o7 Dbe the centers of the induced loads on the wing and on the trim
surface respectively. X, and ¥, are measured from the wing centroid
and X, andZ ., from the trim-surface centroid. Then, for Configs. 1
and 2 (wing plus tail and wing plus canard)

C P = zr S,. (CLC*)T +(17°W —z)(-'{TOWDCCL °’-)w (A-2a)
$ c,
§
(A-3a)
C& = xw(CL o&)w + X Tow(‘/‘row)(cte‘zv#'(Ir‘fi)s.r(cl.()r"' (Y wor 1 Z)(—“wor)sr(CLL).,
CL

#Note: These distances are all in units of C .

V0
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For Config. 3 (wing with flap)
— (A-2b)
C. PR s = X,
— (A-3b)
cCrR, = x,
For a flat delta planforwm, the direct load acts at the centroid, sc for
Configs. 1, 2, and 3 xw=0alvaya and X, = O except for Config. 3.
Then
57' (C‘a( )7’ [ ]
X[ - Zo( =7 - -—CL— /- (/f- rlvor) wor wing plus tail (A-ka)
‘; 2= /+ (/ zro»/)J)@rov/ T "érow Z row
[ C.
-5, _(_:t‘_r/_ ving plus canard (A-kb)
I LL
o
- = + ving vith fla A-ke
.o, / + x, P (A-he)
zwor and X ow 8re evaluated in Appendix B. For a trapezoidal flap
X =0 for/é’/ﬁ = 4 (supersonic and sonic
T leading edges)
(A-5)
X, =Cp_, ~€ps, for &R < L (subsonic leading edges)

m-/ c;,)e _ Ca‘)
4 (C_ (/ [ =
dm-~ (3 1) C2 4, M+ e
P Bm+i) 2 4 D2 (E)
vhere M= Tande = the distance from the leading edge of the flap

to the center of pressure due to the f deflection.
em = is also equal to the distance from the leading edge to

the centroid of area of the flap

2C - -
3 > where —= /| - / 5‘7
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In general, the distance from the center of the lcad on a comn-
figuration at angle o to the center of load due to twist and camber
is

- (xow - Xg) CLow + (zOT —‘Z“)sr C‘-o-r

ZO_Z"‘_
CZLO
vhere - CP cP
'Xow—xu_ Fow — ¢F &
Xo -x, = { +CP, — CF,

C.rR, 18 the center of the load on the wing due to twist and camber,
measured from the controid of the wing, and CFr o, 18 the center of
the load on the trim surface due to twist and camber, measured from
the centroid of the trim surface.

For Config. 2-c (canard plus wing with twisted tips), CL°,= o,
CL = C and C.°  1s at the centroid of the area affected by the
0w Lo Ow

tip panel deflection. (The load distribution due to this elementary
twist is conical.) Thus,

Cr, = (B)fi-vs ]

Then yo_ zu =<//2)[/—\/§] + (Cé-_.{.)w /T x

ow Tow
o
_ > (C‘d)r /
C,
o

For Config. 1-b and 2-b (twisted and cambered vwing plus tail and
wing plus canard) interference is neglected, C. /7~ o p and
w

CP, =—V35 " F.

= —F -/ Sy (C‘a()-r
| —_—_CL

Then Iow =Xy

(a-6)

(A-7)

(A-8)

(A-9)

(A-10)

(A-11)

U g
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B. Induced Loads - Values of x&m,, o‘mw , Xwor ;% row, - Dependence
of G upon o :
In general, for wving-tail and vwing-canard configurations, vhen the

forward surface is at an angle of attack, the rear surface will be oper-
ating in a non-uniform downwash field. ,oéwor(or A(Tow)is an average
value of ole / o o« (the downvash angle per unit deflection of the for-
ward surface) such that the induced load on the tail (or wing) per unit
deflection of the forward surface 1is

Induced load on tail = g S, ('-‘Awor) Sy (C‘-ec)T x
Induced load on wing = 9 Sw ("‘raw) (CLO‘_ )w (ot-r 5)

,éwo.,(or A row) could be estimated by looking at downwash charts and
picking a value of a( € / d« vhich seems representative of the region in
vhich the tail (or wing) operates. However, for this report, "Gwor
and /‘ row Vere calculated with the aid of a strip theory after making
the assumption that the downwash values at, the downstream surface vere
essentially Trefftz-plane values (values infinitely far downstreanm).
The downwash then varies over the tail (or wing) in the spanvise ( 't/)
direction, but not in the streamwise () direction.

For most of the calculations it was assumed that the vortex sheet
from the wing (or canard) was rolled up into two vortices at the position
of the tail (or wing). Then in the Trefftz plane,

de ] - a-y9 a+y
d—u_(’j) = EF(O;U?)[(Q‘*E)?*EZ.F(Q#g)a*' (7’!]

vhere [ is the vortex strength, 2& b—; is the lateral spacing be-
tween the two vortices, G bw is the vertical distance of the rear
surface from the vortex lines, bars denote distances measured in units
of b./2, and the subscript F denotes the forvard surface (F = W for
a wing-tail configuration, F = T for a wing-canard configuration.) If
the forwvard surface bas a delta planform, then

i

(B-1)

(B-2)

(B-3)
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- _ e

= for Mg < | (subsonic or sonic leading edges)
% Ubg /2 Ec (B-k)

-~/
= 2fcos £ oo f= ! & | (supersonic leading edges) -
= TT %93 + =
vhere Ep is a complete elliptic integral of the second kind with modulus

,/I—mF‘

Q = for mF =|

I

4
v 2’

z - F for F: —-— < | (B-5)

q COS"'F mp

7 was found by computing the circulation around the root chord of the
wing. The vortex spacing was found by equating the momentum associated
with the tvo vortices to the momentum imparted by the forward surfu:e(S) .

g g

For a few cases it was assumed that the vortex sheet was still flat
in the region of the downstream surface. In the plane of the vortex
sheet ( G = O) shed from a delta wing (or delta canard), the Trefftz-
plane value of de/c/d is, for m_. =/ :

de = de = e |Gl=-Y = ’
g (9 = (0) 3 4 191 5r /

= de (o) [,_ 9 ] for IS, - (B-6s)

3o

A

and for -F

T‘3|_

Q.
m

_ £ 1+ ¥1-¢2 I

(0)“7,,@]"‘ Y] I3 = £
—(£)2 xR (B-6b)

(o) - f ' Ji %) '+\/| f j[

mJi-£2 /,_(%)z ~JiI-F2

% () -

Y

Q.
()

Q.

o<

A surface in a non-uniform downvash field has an effective twist.
The load and center of load can be computed with the aid of a strip
theory (Appendix A, and Ref. 1). Then the average de/du is
+1_ de de
“(d) - .%@{H (Le)r & [ zcﬂj‘x@ }(,_
o, AVERAGE CCL“)? d%(O)

o
B2

9
) ; bg/az

(B-7) -
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where
C
(i)i = £ Er for Me =1
<CL°‘>R N mR
= | for mg = |

(“£, ), 18 the lift-curve slope produced by deflecting a single strip
and is based on the area of the strip. (Ccu)R is the lift-curve slope
of a flat delta surface. The subscripts F and R refer to the forward
(upstream) and rear (downstream) surfaces respectively. With O(G/ ol x
given by Eq. B-3, the integral of Eq. B-7 becomes

+1 2 —2
y _a+ G BRACE OF
_J[I ]< )dbn/a - anr {EQ'OSOF REF |}

vith r = bg / be

= = ~ Gb,,
(The brace is a function of X, , + , and & , with =G=T;/a_')

g

With clev/alu-given by Eq. B-6, the integral of Eq. B-7T

]
f[ J( )db:’/a =0 for r:b; =

~1

for r =21
and for mF > 1
+1
f[ ]()d J_ = for ref=1 =
bg /2 ME

it}

(The integration for m_ >/, © > f wvas not carried out.) Note that the
cases for which " </ correspond to wing-tail configurations and » > / to
ving-canard configurations.

comes, for meg <

(8-8)

(B-9a)

(B-9b)

(B-9c)
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The streamvise center of the load due to the deflection of a
single strip 1s at the midchord of the strip. Knoving this, X.om ’
the center of the total induced losd measured from the centroid of
area of the rear surftce(in units of wing m.n.c.) can be obtained by an
integration similar to that of Eq. B-7. With C/G/C/“ given by Eq. B-3,
the result is

de BRACKET Of -
x _ 3 bg m, / dot © _ ‘_2__[ EQ. 14 OF REF. | ]
ForR =2 b, Mg ,& 3 { €. isor e s

FOR

with the brace and the bracket functions of ia = G , 8 and r. With
c]e/doc given by Eq. B-6,

= P <
ZFOR o for rnF <, r =)
anp for m_ 2|, r = f =L <|
me
ﬁ(o) ] z
3 br mw dw 2,2 (r-%)Jr2=i
Xeor © 2 5 ma \IT +

m - 3773

w MR For 3 ryre—t—dulr+/re=1|
for mc £1, r>1

Dependence of G upon & : It is convenient to let G = Go + G

where G, 1is that part vhich is independent of o« and vhich is commonly

o

called the gap (but measured in units of ving span) and G is that
part vhich depends upon o . An approximate equation for G, 1is the
following

. —4go [ _ w
Ga. BRW [/ o U

This approximation {(vhich 18 based upon a rolled-up vortex sheet) assumes
that the vortex sheet is deflected downward from the free-stream direction
by the angle w'/ U. w is the downwash velocity induced by one vortex at

the other vortex:

W'/U= (/"/277'Q bF o U) o<

vhere /7 1is the vortex strength, Q—DF the vortex spacing, and o - the

angle of attack of the forward surface.

(B-10)

(B-11la,c)

(B-11b)

(B-12)

(B-13)

L N\VEN g o
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The factor in the parentheses of Eq. B-13 can be obtained from
Eqs. B-k, -5 and lies between O a.ndz/ﬂf 2, X188 o« for the wing-plus-
tail configurations andoK+ 4 for the wing-plus-canard configurations.
Actually the values of ¢ and J for trim depend upon the interference
and hence upon & . However, for the purpose of finding G it is
sufficient to find X and § from Eqs. 13, 14 using the interference
computed by assuming G = ©O.

C. Wing With Twisted Tips (Config. 2-c)

Coefficients Ao , Ag , Ag of Eq. 16: The coefficient A, 18 &
dimensionless number proportional to the loed carried on the wing tip
panels per radian of twist o of the panels. Similarly A, 1s propor-
tional to the load carried on the wing tip panels per radian of angle of
attack ot of the configuration. Note that A_ includes a load, l
induced by the canard on the ving tips as well as the direct load, o o/
due to the wing being at an angle of attack. Finally A 5 is proportional
to the load induced by the canard on the wing tips per radian of deflection

S of the canard.

ol 1ND.’
»

A= oS Hj(x y) dx dy (c-)

\1
TI P

a5 [ 14 e ha)dxdg

WING Dlﬂ
TIPS

s =4z w..faﬁ (x,y) dx dy (c-3)

TiPS

A

Ao y Ay > and A 5 have been evaluated only for the case where the canard
and wing are each of delta planform vith sonic leading edges ( &R = k),
the wing lies in a flat vortex sheet shed by the canard (G = O), and the
tip panels of the ving outboard of the canard span (/3/ =b,/2) are
deflected with respect to the center by the angleot, . (do is positive

if the tip angle of attack is increased.) Under these conditions
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b, /2 =VS; b, [2 and the ratio of the total area of both tip
panels to the wing area (I VS )2

The flow field due to the elementary twist of the right wing tip
18 conical and the local load ,l; (zx,y) 18(4)

FEX / + T
/éo (7— » 9 ) = v 2 2
/6 / ~ 7‘°
(Y - by/2)
with To = ALY - by
x —/5 b,- /2
The direct load /Z I due to the wing being at angle of attack o¢

also comes, of course, from a conical flow solution ()

L (xyg) . 83 ’
DIR. Tr/ﬁ f/_—-.—’(‘T'

with = Sy / x
The local induced load ,Z & o, produced vhen the wing tip operates
in the upwash field of the canard consists of the local load due to
the surface being at an apparent constant angle of attack - « %i (0)
plus the sum of the loads due to a set of infinitesimal strips (see
Appendix A). The local load due %o a single strip at y =N with
apparent angle of attack — Ol[j ()-l) de (O)J is given in Appendix D
(Eq. D-7 withm = 1). The angle of attack distribution is taken from
Eq. B=6A. The load due to the constant deflection plus an approximate
integration of the loads due to the strips is

. —l6gocx g [x+8y
[ (x ‘j) ﬁzﬁ\fl—?z? ,n—/d\/_' z /gy ( z+/6y)

(The exact integration yields elliptic integrals for the second term
of Eq. C-6. See Eq. D-13. This approximation is exact at the most
forward point of the tip panel vhere X -r/3'j =/br . At the tip,

(c-b)

(c-5)

(c=6)

U F g
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vhere X +,5Yy = &b, , the second term is only .3% too small for
the case ST =0.25

.) The local induced load ,ZJ. is given by
the same equation as

% o, that is

4L _ /4

oL iND
s o (c-7)
Integration of these local loads over the two tip panels Yields
2
2 —
A= 2 (F +’><' VSr ) (c-8)
A= A o+ Amo‘ (c-9)
A5 = A IND. (c-10)
vhere
-!
+ —'/::[(/.75 +JST) cos VS,
~275 5, bo (12Y=S2)) 4 175 (- 57 I sr']
For / Sr
Sy =o0.25

A, = .8183, A, - 1.5623, A‘; = -.0019 (C-11)



Sk

Coefficients By, B,: The optimum twist 5(-0 is evaluated by
d Co.i 2

setting iz, W) = O where Coz/gCL is given by Eq. 16.

(Note that 5 and £ » through Egs. 13, 1k and 17, are functions of

o, a8 well as being functions of/ﬁqd ,/GCL: » (X, - 2,), (Z: Z,)

and JC,, /a C, .) The result can always be expressed in the form

(&), = B, + B, (9¢,/0¢C)

B; and B, depend on the geometry and Mach number only. For the special
case Sy = .25,/// = -1.5 (anda ER= 4, G = 0)

By = - 0.2608, By = 0.537

D. Leading-Edge Thrust

One form of the basic equation for leading-edge thrust is (putting
together several equations from Ref. 6)#

. j J’x_' 2
AT =2mgq [/en[__n__J chj

4a SIN

SPAN

The bracket is evaluated along the leading edge. Close to a subsonic
leading edge the local 1lift ,Z ~ / /‘Zn—' vhere X, is the perpendicular
distance from the leading edge to the point at which 1 is evaluated.
Thus as 2\~ O,K/Z_n'remains a finite non-zero quantity. w 1is the
angle betveen the free stream and the tangent to the leading edge. ’&f‘l
is the Mach number parameter of the component of the free stream Mach
number perperndicular to the leading edge,so that

/L?nz \//—Masmew‘ = (cos w) J/—/danw?w'

* Equation D-1 is also equivalent to Eq. lh-7 plus Eq. 14-5 of Ref. 7
since the component of the perturbation velocity parallel to the
leading edge is zero on the wing at the leading edge.

(18)

(c-12)

(p-1)

TR g o |
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At a thin subsonic leading edge the component of the flow normal
to the edge has a square root singularity. This same type of singularity
occurs at the leading edge of a thin two-dimensional airfoil in subsonic
flov. The leading-edge thrust on this two-dimensional subsonic airfoil
is well known. By analogy, the suction force normal to the leading edge
of the three-dimensional supersonic wing per unit length of the edge is
assumed to depend upon the local pressure and normal component of the
free stream velocity in the same way as the suction force normal to the
leading edge of the two-dimensional subsonic airfoil depends upon the
local pressure and free stream velocity. The leading-edge thrust of
Eq. D-1 is the integral along the leading edge of the streamvise com-
ponents of this local normal suction force.

In practice, only a part of the leading-edge thrust is achieved,
and this will require some rounding of the leading edges. On the fol-
lowing pages, the full theoretical value of leading-edge thrust is
calculated. In Figs. 3, 5, 6, 9, and 10 the drag or the (L/D)yax
of certain configurations is presented under the alternative assumptions
of no leading-edge thrust and of the full theoretical leading-edge
thrust.

The leading-edge thrust gives a negative drag increment. To find
this drag increment for the flat configurations, Eq. D-1 is written in

the form

AC,, __/ ~fn by/2 [lwﬁT Jed y

/56;.2 s Sw %CLS‘N “w bw/z
WING WING
SPAN LEADING LODGES
2 (p-2)
— / ﬂ'ﬂn br/a »Z-,— VIin, d y
848 S 9 Cosma_ by /2

TaiL (OR CANARD)
SPAN

(Here the subscript W refers to the wing, which may include a flap,

and T to the tail or canard.) The superposition procedures described
in Appendix A are utilized to find the local loads on the wing (or wing
plus flap) and on the tall (or canard). Let mw=/8ta.n w, and
m.r:,gfdn . . Then
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’Tdf? bw/e [w'lzhw' _ F < Y m) ;
a/d Sw QCLS‘”ww - ' bw/a T FLAT WING PLUS TAIL (D-3a)

WING
LEADING EDGE

f G, mE D S o, D)
+f, <T?T/a ;"’w’t:v [d*s][dot (°m>]

FLAT WING PLUS CANARD

(D-3v)

=t (F\y,—/a""‘-v)&*&(?z_/?"‘w S1)5 (30

FLAT WING WITH FLAP

/

& by 2|4y i ] y
6,6n ,;w [ngTL smwT} - F' <b1 e ‘mf>[°‘+; dch <° m )] (D-ka)

(OR CANARD) AND ASSUMING A FLAT VORTEX SHEET
LEADING EDGE

=f, (b/a:m>(°‘+5) (D-kb)

FLAT WING PLUS CANARD

The functions, F (‘%‘2 ) m) which is proportional to the local load
near the leading edge of a flat delta, fj, ( bg/a 3 My 2 —ET— )
which is proportional to the local leading-edge load of a certain twisted
delta surface, and fp (m My, T) vhich is proportional to the
local load at the tip leading edges of a flat trapezoidal surface, will
nov be evaluated.

Local Loads: The load distribution per unit angle of attack, _
on a flat surface of delta planform with subsonic leading edges 1s(h)

d1 49 m?

dot T BEM/mE-T (0-5)

where

T = ,d;y , m =/€tan w = %@‘<1)45=\/l—m2

The load distribution per unit angle of attack on the right tip of a
wing of trapezoidal planform for which the leading edge of the tip is
subsonic 15(1‘)

K la

i+m I m-7/ 1+

(D-6)

\JT,\).,:_U
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vhere

T/ /6 (y- (jo)
xX - /3‘.1:
m
spanvise location of beginning of tip

b
—Emvl—s'r

m =/6 tan w< i, vith W the angle of inclination
of the side edge to the free stream direction

i

Ji

If a flat surface at zero angle of attack is operating in a down-
vash field it will carry an induced load. If the downwash varies only
in the spanvise direction across the surface, this induced losd is the
same, within linear theory, as the load on a twisted surface with the
angle of attack distribution due to twist equal to the negative of the
downvash angle. The local load d £ (%, Y) due to a single strip of
vidth dn , loca.ted at the spanvise position N > O and vith angle of
attack — ol [ de (l’()—de (o)] 18 *

df(x L:,): - Fgvm’ dr[gg(ﬂ)'— de CO)] > d"(
-4 (‘j-'()\/(l +T")(m- ") (D-T)
vhere m = tan W < | with w the angle of inclination of the

leading edge to the free stream direction

. ABLly-n)
x -7

m

o = angle of attack of forward surface

® This solution is found by superimposing two solutions of the type
given, for example, in Ref, 4 , page 164, flow field 2k,
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I-m
1r 7>/+m ba,Eq D=7 is valid anyvbere on the delta surface -

ﬂthinmhchcmmmwugodnofmltﬂpl
Local loads near a leading edge:

Consider the point P (see sketch) on a
ray near the right leading edge of the
ving (or tail or canard). Introduce the
coordinate X, measured perpendicularly
from the leading edge to P. Then

xn = (X tan w-y) cos w

D
y
- /6’9
o x (' tScos @ 3cos w (D-8) ‘;
1r xn<<-3 Cos w , and one neglects X, Scos W compared to 1, then
. b ¢
m-T = m T&g_w_ (D-9a)
m-t’ = m Xn )
(I—4:,/y) Y cos w (D-gb)
LA ™m Xh -
- =
m (= n/y) gcos @
(D-9c)

Along the right leading edge, the local load per unit angle of attack
of Eq. D-5 then becomes

d/l $9m

dxﬁlf'ﬁ?pfwkvzggz" (p-10)

and of Eq. D-6, becomes

yi .
jd_aa“:: (D-11)

leOS wr




g Eyg

59

The local load along the right leading edge, due to a single strip at
angle of lttlck—otp[ %f— (rz) - gjfr (O)Jbecones

ER I ‘//—F;L‘/ xn )

(jCOS (e8]

(D-12)

If the vortex sheet is assumed flat, then in the plane of the vortex

sheet (1.e., for G = 0) % (n) - d€ (o) 1is given by Eq. B-6a:

Over all the tail, in Conrig 1-5, E‘—_ ()7) de (0)= 0. On the
€

wing of Conﬁg 2-a, (h)- e (o) is zero for n < b /a ,

but is-— a © )'l//’la (br/z)z tor n=b / . (Then the strip theory

applied to this distribution of twist is exact for by = Ii=m 3
bw 1+m

Summing up all the strips which affect the load at x, y:

[(x y)_49m(°‘+5) du(om ) ' 3COSCO ‘9 (p-13)
/517' J+m '

' P
b V1 5 - G

- W’f /—F/T) Q——/)
/.,.br/a br/2 | + brlz

= o (7 + 2f2)

with K and E elliptic integrals of the first and second kinds respectively,

vhere

J =

b
each vith modulus\/(/ "’/ € )/(/ + —'/2—) The approximation to the
elliptic integrals is enct for y = b, /2 , and 1is only.3% too small
vhen \j =2 (b /2)
The load functions in Eqs. D-3;4 can now be written out explicitly,
using Eqs. D-10, -11, -13.

9 .m)=_b/lbw L —
f(g5z5m) P [mm & [T _—
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with /£= I-m2 , m=m_ or m, and b-bw or by

(D-15)

y . br) . V7 [Mufw g

'F?_(__-bw/a ) mw,F‘;) =g V+m, [71 b, |2
with %w =y I- m 2

1( (b J2 1 Mw) 1) = o (/+m,,) w/é’ -J1-5¢

Final regults: The spanvise integrations of Eq. D-2 may nov be
carried out, using the lesding-edge load functions of Eqs. D-14, -15,
-16. Note that the drag is proportional to the squares of the loads
so that interference terms occur. The final results are given below.
Config. 1-a {flat wing plus tail) with G = O and assuming a flat vortex

(-%CE%-> = — &2 I, (mw)

WING

(e)

TAIL

{D-16)

sheet:

(D-17a)

2
— 5 [a +é _a%(o,mw)] L (m4) (D-170)

Config. 2-a (flat wing plus canard) with G = O and sssuming a flat
vortex sheet:

ACo: i s 2 '
(ﬁCLD-£>= _lo‘ (GHS)doc (o,m 'r)] IL(m, - [(a*f)%;(o,mT]Iz(m“bTw)

(D-18a)
- [&—(a-rf) gf em)][(a+3) -;% (o.m)] 1.(m,, %T; )

ACo, )
</5€?>c:.._., S (%+8)° 1, (m,) (D-18)

vhere je (o,m) = (&) vng(ﬁ)m elliptic integral of the

Ji-m .. m=m, ormT.

second kind with modulus JE

D — ma e



Config. 3-a (flat wing with flap):
AC.. - o
AC‘DZ") =_—ZI'(mw)_521F (mwas'r)—d:I,,(mwaST)
&

ING  + FLAP

o¢ and f » 1f the configuration is in trim, are given as functions

of the static margin by Eqs. 13 and 14. The integrals of Eqs. D-17, -18,
-19 are

NG =2ﬂ G5 ’"’)]"\b/2>_ [E(/—‘ie)l'
vith M =m_ or m, amd b=b, a b,
: 2
e (muygD) = 2 , e Gl me £2)) 4 ()
by /by,
¥ R AL S CORATI NS

[,,(m,,b )—4f [ G G ™8] d (5%

51M[1+&__ br)J
2 E(VI-m3 2 bw bw

IF (mw, Sr) =2 f [FF (b_':ﬁ) mw,ST)a d (b_:::/_g)
V5

=4
_:__ /;;_rrrr;_' (:—\/1—51)

In: (mw; 5.,.)= 9 j" [Fl <.D..,L/é ’m“’)][f:‘ (;'Ta;mw’sa] (

B, /2
I aN N (-2 ),&[ 4+_)”
E (r-wT)

vith =2=1VIF 5,
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(D-19)

(D-20a)

(D-20b)

(D-20¢c)

(D-204)

(D-20e)
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Note that the ratio of maximm tail (or canard) span b, to the maximum
ving spen 1s proportional to the square root of the ratio 3, of the
trim surface area to the wing area:

b, = V5 my ving plus tail (or canard)
b,, T Mw
If the wing and tail (or canard) have the same planform, as is the

(p-21)

case for all the numerical calculations of this report, then bT / b, = J Sy .

Douglas Aircraft Company, Inc.,
Santa Monica, Calif., July 1959.
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VIII. FIGURES

Plan view and side viev of configurations. ~

a. Wing plus tail - Config. l-a

b, Wing plus canard - Config. 2-a

c. Flat wing with twisted tip panels plus flat canard - Config. 2-c
d, Wing alone with full-span trailing-edge flap - Config. 3-a

Drag due to 1lift of trimmed wing plus tail and trimmed wving plus canard
as function of static margin and aspect ratio.

a. G=0,/l/ =1.5,8 R<h

b. G=0,/7/ =1.5 BR =4

c. G=0, /l/ «3.0, BR =4 D
a. G=0, /// =3.0, BR =) L
e. G=0.5 /7/ =1.5, 1.5=3M<8 2
f. G=0.5 /// =3.0, 1.5=pR<8 5
g. G =oo0/l/= 1.5, 3.0, 8RR =1k

Drag due to 1ift of trimmed wing plus tail and trimmed wing plus canard
as function of static margin. Assumes flat vortex sheet.

a. Effect of leading-edge thrust and of twisting wing tip panels,
/) = 1.5
b, Effect of leading-edge thrust, /?/ = 3.0 .

Drag due to 1lift of trimmed wing alone as function of static margin and
aspect ratio.

Drag due to 1lift of flat wing with flap in trim as function of static
margin. Effect of leading-edge thrust.

a. BMAR=1.5
b-B/R = 3,5

Drag due to 1ift of trimmed wing alone as function of aspect ratio.
Effect of leading-edge thrust.

8.0 CyfoCp = 0
b. 2 (M/aCy = -0.25

Drag due to 1ift of trimmed configurations with no interference between
wing and trim surface. Comparison of wing plus tail (or canard), wing
with flap (wing includes flap) and wing plus flap (wing excludes flap).

Maximum 1ift to drag ratio of trimmed zero-thickness wing plus tail and
wing plus canard as function of static margin and aspect ratio.

a. G=0,/// =1.5

b. G=0,/// = 3.0

c. G=0.5 /// =1.5

d. G=o0.5 ///=3.0 .
G =

w , [/] = 1.5, 3.0

e,
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11.

13.
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Maxigum 1ift to drag ratio of trimmed gzero-thickness wing plus tail and
ving plus canard as function of static margin. Effect of leading-edge
thrust. Assumes flat vortex sheet.

a. /7] = 1.5
b. /7l = 3.0

Maximm 1ift to drag ratio of trimmed zero-thickness ving alone as function
of static margin and aspect ratio.

Maximum 1ift to drag ratio of trimmed zero-thickness configurations with
sonic leading edges (.4~ = L), Comparison of various ving-plus-tail, wing-
plus-canard, and wing-alone configurations.

Maximum l1ift to drag ratio of trimmed zero-thickness configurations with
sonic leading edges (& AR =U4). Effect of changing trim-surface area.

a. Flat ving plus flat tail, G = O

b. Flat ving plus flat canard, G = O

c. Flat wing plus flat tail (or canard) G =co, and flat ving with flap.
4. Flat configurations, trim area optisum.

Average value of downwash produced by forward surface on rear surface as
function of aspect ratio and gap.
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FIGURE 1. PLAN VIEW AND SIDE VIEW OF CONFIGURATIONS.

a. WING PLUS TAIL — Config. 1-a

PLAN VIEW
y
U—‘P L! -

® CENTROID OF AREA
@ CENTER OF GRAVITY
X CENTER OF L, LIFT

Sy
s, = —

T Sw

SIDE VIEW

:— VORTEX SHEET

€ = MEAN AERODYNAMIC CHORD (2/3 c)

GEOMETRIC VALUES SHOWN IN THIS SKETCH
ARE AS FOLLOWS:
I =15
s, = 1/4
zﬁy = Ry = 2
G=05

VN



o

T

@0

® x

FIGURE 1. CONTINUED

b. WING PLUS CANARD — Config. 2-a

67

PLAN VIEW

J

FO <<>
]
CENTROID OF AREA
CENTER OF GRAVITY
CENTER OF Lq UFT Cxg
CENTER OF Lg LIFT _
CXg
[ [ 4
SIDE VIEW
A L d
5° a
(l_ f:u‘lﬂ L
—— |
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FIGURE 1. CONTINUED

c. FLAT WING WITH TWISTED TIP
PANELS PLUS FLAT CANARD — Config. 2
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FIGURE 1. CONCLUDED

d. WING ALONE WITH FULL-SPAN
TRAILING-EDGE FLAP — Config. 3-a
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